The gas-particles flow in an interconnected
Introduction
Biomass has been recognized as a valid contribute to the solution of world energetic problem [1] . Among the current biomass technologies, gasification is an important process to convert almost any kind of biomass to combustibles gas, useful to generate heat, power, and chemicals. In the biomass gasification field, bubbling fluidized bed (BFB) are key reactors [2] .
In a typical BFB, during gasification process, the biomass, because of its lower density compared to the mineral sand, floats on the top surface of the bed; this behaviour causes elutriation phenomena of the fine carbonaceous particles in the syngas, decreasing the gasification yield. Moreover, the difficulty in maintaining the particles of biomass inside of the bed affects the good performance of gasification. The surface conditions (temperature, heat transfer and solid-gas contact) are less advantageous than those in the bed in reference to the reactions kinetics of char gasification and tars conversion. It is demonstrated that the use of a particular geometric shape of the reactor, that allows the movement of the solid material inside the bed, could overcome these disadvantages. Cold models are powerful tool to explore the hydrodynamics behaviour of the granular bed of a reactor.
Kuramoto et al. [3, 4] in their works used, for example, an interconnected fluidized bed (IFB) having the aim to improve the movement of the solid material inside the bed. In particular, the devices used by Kuramoto in his experimental tests, were formed by two or four fluidized chambers (see fig. 1 ) separated by orthogonal plates of different height and intercon- nected by orifices at the bottom of the plates. More recently, similar devices were, also, used by Abellon et al. [5] to determine the residence times of glass beads in a four-compartment interconnected fluidized bed and by Snieders et al. [6] to test the circulation of pellets. In all these kinds of devices, if the height of the bed is equal or higher than the height of the vertical plate, the mineral bed particles flow from the denser chamber to the other chamber through the bottom orifice, and from the less dense chamber to the other jumping the separating plate. In general the circulation of the granular material promoted by the difference of the fluidization velocities on both sides of the vertical plate, allows a good distribution of biomass particles, avoids their segregation to the surface of bed and reduces the elutriation.
Understanding particles mixing and segregation and bubble formation inside the reactor, would be useful in the design and operation of BFB. But hydrodynamics behavior of these reactors remains complex and for some technical issues no unifying theory exists, but only empirical equations. So, numerical solution should be considered, as a useful tool, for getting inside these phenomena.
In a computational fluid dynamics (CFD) model, simplified equations, derived from the basic principles of conservation of mass, momentum, energy, and chemical species, are used. These, together with the boundary conditions, constitutive relationships and thermodynamics data give the flow fields at discrete points in the calculation domain.
Aim of the present work is to assess the capability of a numerical simulation in a 2-D frame to simulate the hydrodynamics of an interconnected fluidized bed (IFB) cold flow model. In addition, the paper focuses on the measure of the circulation of solid material in the bed, comparing the simulations runs and the experimental tests executed by the cold model.
Gas-solid multiphase model
Two classes of models can be considered in the area of gas-solid hydrodynamics modeling: Eulerian-Lagrangian models and Eulerian-Eulerian models. The first class of models can solve the equations of motion for each individual particle. Being highly time consuming, these models are generally used in systems containing a limited number of particles. Eulerian--Eulerian approach, instead, treats the particles as a continuum too, and considers the two phases forming two interpenetrating continuum media. The approach requires closure equations both for the fluid-solid and solid-solid momentum transfer and both for fluid and solid phase stress tensors.
In general in a gas-solid system, the mechanisms and formulation of interaction forces have been investigated, starting from studies on the dynamics of a single particle, by many authors [7] [8] [9] [10] . Among the different mechanisms of interactions, the most significant forces (buoyancy and drag force) are, in many cases, the only considered ones since satisfactory formulations of the other effects do not exist. At the same time, the choice of the model for stresses term that must be considered in the particulate momentum equation is a matter of discussion. In fact, in a fluidized bed the particles are in permanent contact in very dense regions (high solid volume fraction), where there is prevalence of frictional stresses, and are in collisional contact in the dilute regions (low solid volume fraction) where there is prevalence of kinetic stresses. In the transition regions the frictional stresses and kinetic stresses can be both important. The kinetic theory of granular flow (KTGF) is used to model the kinetic stresses and is generally accepted. To describe the stresses in the plastic regime some theories derived from soil mechanics have been proposed. Instead, there is no generally accepted theory for the intermediate regime. For this latter regime it was proposed to combine the two theories for the kinetic and for the plastic stresses [11] .
Governing and constitutive equations used by the code
In Fluent (Ansys FluentTM ver.12.1), the Eulerian multi-fluid granular model treats the different phases mathematically as interpenetrating continua and solves the momentum and the volume fraction equations for each phase. The derivation of the conservation equations can be done by averaging the local instantaneous balance for each of the phases. The volume fractions, are assumed to be continuous functions of space and time. In the following, with the hypothesis of absence of species transport and chemical reactions, equations of conservation for the mass and momentum for the two phases and closure laws used in the code are briefly described [12] .
The conservation of mass for the generic phase q (gas or solid) is: 
where
In the right-hand side of eq. (2), p is the pressure shared by all phases, t g -the g phase stress tensor, r g -the gravity acceleration K ( ) r r v v s g --the interaction force between phases, and K -the interphase momentum exchange coefficient.
In a similar manner, for a granular phase s, the conservation of momentum equation is:
In this equation, the terms, p s , and t s are, respectively, the solid pressure and the solid shear stresses tensor. The difference between the eqs. (2) and (4) is the presence, in the eq. (4), of the solid-phase pressure, p s , that represents the solid phase normal forces due to particle-particle interactions.
The expression for this term is the equation p s = e s r s Q s + 2r s (1 + e ss )e s 2 g 0,ss Q s proposed by Lun et al. Here e ss is the restitution coefficient for particle collisions, Q s -the granular temperature, and g 0,ss -the radial distribution function. The radial distribution function is used for measuring the probability of particle collisions and in the code the following equation is used: 
The solid shear stress tensor is t= e s m s (Ñ r r v v s + Ñ a T ) + e s (l s -2/3m s )Ñ r v s I. In this expression a shear and a bulk viscosity are present. Regarding the shear viscosity, the code consider a kinetic, a collision and, also, a frictional component to account for the viscous-plastic transition that occurs when particles of the solid phase reach a high value for solid volume fraction.
In the present simulations frictional stresses are not considered, so, the solid shear viscosity can be expressed as a sum of two terms as m s = m s,col + m s,kin .We tested the Syamlal et al. [8] 
The bulk viscosity which accounts for the resistance to compression and expansion of the granular particles is calculated with the well-known Lun et al. expression:
The term Q s , granular temperature, accounts for the energy associated with the random fluctuating component of the particle velocity. The code uses the, generally accepted, kinetic theory of granular flow (KTGF), that permits to derive the stresses by the analogy between the random motion of a particle following a collision and the thermal agitation of molecules in a gas, taking into account the inelasticity of the granular phase. Thus, the fluid dynamic properties of the solid phase, such as the solid pressure and viscous force, can be described as a function of the granular temperature which can be expressed with a partial differential equation like the others transport equations. In the present investigation granular temperature was calculated with the algebraic formulation proposed by Syamlal et al. [8, 12] . It was demonstrated that, in case of dense fluidized bed [10] , the use of the complete partial differential equation gives numerical predictions similar to those calculated with the algebraic equation.
Finally, regarding the phase interaction force, it is possible to choose between different models for the calculation of the fluid-solid exchange coefficient. In the simulations the Syamlal-O'Brien and the Gidaspow models were tested, however all the presented results refer to the second model and the interphase momentum exchange coefficient, K, is calculated with the equation: 
Reference experimental set-up utilized in the numerical calculations
In recent years a biomass gasification plant was realized at ENEA. To study the fluid dynamics of the plant reactor a cold model was previously built. The method used for scaling-down the reactor and the procedure for the realization of the cold model are reported in [13] [14] [15] [16] [17] . In fig. 2 a sketch of this cold model is reported. The apparatus, divided in two chambers by the vertical plate, was made of Plexiglas containing, up to a certain height, the granular material. The wind-box was realized with stainless steel. Its architecture, in a dynamics similitude matter, reproduces the real biomass gasifier.
In according to similitude criteria, copper powder was recovered to simulate the gasifier bed material (silica sand). About 60 kg of copper powder were inserted inside the cold model. The height of the bed in minimal fluidizing condition was, approximately, equal to the sum of the height of separating plate (25 cm) and the height of the bottom orifice. Biomass was simulated with glass sphere of diameter equal to 2-2.5 mm. The air was injected at the bottom of the bed, but air was, also, introduced along the sloping wall, to avoid the formation of zones with poor fluidization and to account for the contribution due to devolatilization of the fuel in this zone of the real reactor. Injecting fluidizing air at different rates to the two chambers, two beds, interconnected by the bottom orifice, with different density are created. In these conditions, the main experimental tests performed with the cold model were: -measure of the pressure difference between the two beds for various fluidization conditions by means of a metallic probe connected to a U tube manometer, -visual observation of the solid particles and bubbles behaviour at different fluidization conditions, -measure of circulation time of glass spheres at different fluidization conditions in the two beds by varying the orifice area of connection between the chambers at fixed fluidizing conditions, and -calculation of the flux of the bed material across the orifice.
The complete results of the experimental tests regarding these phenomena can be found by Foscolo et al. [17] . In the present work a comparison between some of these experimental tests and simulation data is made. In particular, the comparison regards the fluidization quality, the bed behaviour at different regimes and the calculation of the flux of bed material across the orifice.
Numerical solution method
The computational grid, created with the CAD program GAMBIT TM 2.4.6, reproduces exactly, in a 2-D space, the dimensions and shape of the internal parts of the cold model. However, the top part of the freeboard is truncated to reduce the Cpu requested time for the simulations: this hypothesis does not modify the hydrodynamics behavior since the freeboard is high enough so that fully developed flow is observed. In fig. 3 one of the two grids used in the simulations is shown. The grid is 212 mm wide at bottom and 525 mm at top, the total height is 578 mm. The vertical plate is 250 mm and the height of orifice is, in this case, equal to 50 mm (a similar grid with an orifice of 30 mm was also tested).
To account for the different fluid dynamics zones, for the bed and the freeboard different mesh regions, with different mesh spacing, were used. In certain fluidization conditions, the solid fell down across the distributor, so, some grid configurations with caps above the jets, to avoid loss of material, were proven. To reduce the problems of skewness (near the inclined wall) and of convergence, different conditions were tested. In particular, the grid dimensions were varied from 1 to 2 mm near the distributors and in the bottom part of the chambers, and from 2 to 4 mm in the freeboard. At the bottom of the bed a series of 2 mm gas jets allows the introduction of air. The nozzles of the up-flowing chamber are separated from those of the down-flowing chamber to separately manage the flows to be deployed in two chambers. At time zero, the fluid mesh regions in the bottom part of the grid, from the distributor up to the top line of the vertical plate, are filled with the granular material, considering a volume fraction less than the maximum solid packing fraction.
In tab. 1 the geometric dimensions of the grid shown in fig. 3 and the physical parameters of the two phases are shown.
The IFB cold model is simulated in a 2-D domain in which there are no front and back wall effects. The walls were modeled using no slip boundary conditions. At the exit of freeboard a gauge pressure equal to 0 Pa is imposed. The influence of the particle-particle restitution coefficient on the hydrodynamics of bubbling beds and the measurement of the collision properties of spherical particles were investigated in many studies [18, 19] , but no precise data for copper exist regarding these phenomena. In the present investigation the restitution coefficient was assumed equal to 0.95. At the inlet of the down-flowing chamber, two different velocities for the injected air were used (1.1 U mf or 1.7 U mf ) and, so, two different series of simulations were made. In each series, in the up-flowing chamber, superficial velocity was varied between 2.5 U mf and 6.5 U mf . It is important to note that with these different fluidization conditions, different (very dense or dilute) regimes in the different regions of the bed can be created where both the kinetic and the frictional stresses can be dominant. However, in this work, as above mentioned, the frictional stresses are not considered.
The flow is modeled as being transient and, to capture the phenomena of interest, values between 0.00025 s to 0.0005 s were used for the time step. Turbulence of the gas phase is not considered.
The Phase Coupled SIMPLE (PC-SIMPLE) algorithm is used as pressure-velocity coupling and correction scheme and second order differencing schemes for momentum and volume fractions are used. The code runs in parallel mode on the ENEA-Cresco CPU-grid system. 
Computational results and comparison with experimental tests

Qualitative comparisons: fluidization quality and evidence of bed circulation
During cold model experimental testing, many conditions were explored (different superficial velocity, different height of orifice), and in all conditions, the quality of fluidization, the bubbles behavior and the bed expansion were visually analyzed. Furthermore the motion of the powder across the orifice was scanned as function of the superficial velocity. Figure 4 shows two images of the bed during a typical experimental test.
To analyze the quality of fluidization in the simulations, the volume fractions are considered. Figure 5 shows the contour plots, as function of time, of solid phase volume fraction of a typical result carried out using one of the explored fluidization conditions. The images show the bubbles position from the beginning of the simulation until the burst of the bubbles at the top of the bed. It was observed the formation of large bubbles and that there is not a significant expansion of the bed before the formation of the bubbles in accordance to the fact that copper powder belongs to group B of Geldart classification [15, 20] . To investigate the formation and coalescing of each bubble during its rising in the right chamber the solid phase volume fraction was captured at every 125 ms at different U UFB . For example, in fig. 6 the solid phase volume fractions at a fixed time t = 2.5 s, at different U UFB , are plotted. The different growth of the bubbles is clearly observable and in particular it can be observed that for U UFB greater than 3 U mf the bubbles dimensions are very close to the width of right chamber.
To determine the size of the bubbles in the right chamber, an equivalent average bubble diameter was calculated by averaging the bubble diameters: the bubble boundaries was defined as a void fraction greater than 0.85. Bubble diameter was calculated with the formula De = (D H D V ) 1/2 [21] [22] [23] , where D H and D V , represent the measured horizontal and vertical dimensions of a bubble. The calculated equivalent diameters for the bubbles in the up-flowing chamber are plotted in fig. 7 and an averaged value of the equivalent diameter and the maximum equivalent diameter, for the simulations with U UFB £ 4 U mf , is reported in tab. 2. As expected both the average and maximum equivalent diameter have an increasing trend with U UFB . It is interesting to observe that at U UFB ³ 3.5 U mf the maximum diameter of bubbles grows up to a value higher than 2/3 of the chamber linear dimension. These results fit well with experimental data of Foscolo et al., who observed a transition from bubbling to slugging regime at an U UFB value between 3 U mf and 3.5 U mf [17] . To get information about the particles movement in the bed, the representations of the particles velocity vectors fields were analyzed every 62.5 ms. For example fig. 8 shows the instantaneous solid phase X-velocity fields at time t = 3 s.
It is possible to note, in the left chamber, the vigorous movement of the particles, that ascend and descend in the bed generating vortexes between the center and the walls. This type of motion (gulf stream circulation) is due to the bubbles that withdraw particles into their wakes and the subsequent creation of low and high bulk density regions that cause the rising and the fall of particles through the bed. In all four images the directions of the vectors in the regions below and above the partition plate indicate a counterclockwise circulation of the copper powder from the right chamber to the left one. To analyze the superficial velocity dependence of the particles circulation a time-averaged value of the solid phase X-velocities was calculated in the orifice region below the partition plate (rectangles indicated in fig. 8 ) and, as forecasted, vectors magnitude increases as U UFB increases (tab. 3). All these observations confirm, qualitatively, the solid particles circulation observed in the experimental tests. In the next section, the flux per unit surface is calculated, and a quantitative comparison between the experimental data and simulation data is presented. To compare this result with the numerical simulations, simulated data were recorded every 62.5 ms and, first of all, the mean bed voidage in the two chambers were calculated: -VF DFB mean bed voidage over the entire DFB domain (averaged between 2.5 to 5 s), and -VF UFB mean bed voidage over the entire UFB domain (averaged between 2.5 to 5 s).
Considering the hypothesis that, for Geldart B solids [20] , voidage of emulsion can be approximated with the voidage at minimum fluidization, the average volume fraction of the bed in bubbles, can be calculated with formulas: 
Then, calculating, for each simulation, the difference of volume fraction in bubbles between the two chamber, Dd = d UFB -d DFB , the graph in fig. 9 (a) was obtained. As expected the difference increases with increasing of superficial velocity. The graph also shows that d DFB is not constant but slightly increases as U UFB increases. This is due to the fact that, at greater U UFB , the leakage of gas from the right chamber to the left one is higher than at low U UFB and probably because the fluctuations of the bed overestimated the void fraction in the upper part of the left chamber.
So, averaged pressure difference between the two chambers is calculated with DP 0 = =nDd(1 -e mf )r p gH and finally a time-averaged flux across the orifice can be calculated with the equation:
The trend of flux W, as function of the ratio U UFB /U mf , is shown in fig. 9 (b) At U UFB = 3-3.5 U mf the value of the flux is in the range of 400-430 kg/m 2 s. These values, within the assumptions of the model, are very close to the values calculated in the cold model testing at the same conditions. Moreover the trend of the flux at different superficial velocity in the right chamber confirms that the quality and strength of the bed circulation depends on the difference of flow of gas sent into the two chambers.
Conclusions
The implemented 2-D model is capable of simulating the complex gas-solid flow behaviour in an interconnected bubbling fluidized bed. Within the assumed hypothesis, data confirmed that simulations can, qualitatively and quantitatively, well predict many of the features of the test rig. The following phenomena, observed in cold model testing, were also clearly observed in the simulations: the coalescence and rise of the bubbles, the circulation of the solid between the two chambers, the transition, in the fast chamber, from a bubbling fluidization regime to a slugging one.
Simulation data were used to calculate the flux of the solid material through the orifice, the calculated values of this latter fit well with the experimental tests. It can be concluded that the numerical model is a very valuable tool to study the hydrodynamic behaviour of the cold model and, using the scaling relations, to improve the fluidization quality of the bed inventory in the real reactor. 
